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Abstract

Precisionsimulationsof the electroncloud atthe Fermi-
lab Main Injector (MI) have beenstudiedusingthe plasma
simulation code VORFAL. The physical model is fully
3D and self consistenton the time scaleof a few hun-
dred nanosec.Solutionsthat include Yee-typeE.M. field
maps,electronspatialdistributionsandthe time evolution
of the cloud have beengenerated.By “precision simula-
tions”, we meanthat systematiaincertaintiesn the calcu-
lation are studiedand quantified. Preliminaryresultson
the comparisorbetweenour resultsandthoseobtainedby
the POSINSTcodearediscussedBasedon the resultsof
thesesimulationsand the ongoingexperimentalprogram,
two distinctnew experimentatechniguesre briefly men-
tioned. Thefirst oneis basedn theuseBPM platesplaced
in dipole fields thatare madeof material(s)for which the
secondargmissioris well characterizedThesecondech-
niguewould be basedbn the optical, or ultra-violet,detec-
tion of the radiationemitted(inversephoto-electriceffect)
whenthecloudinteractswith theinnersurfaceof thebeam
pipe. As the microwave absorptionexperiment,this tech-
niqueis non-irvasive and hasthe advantageof providing
spatialimagesof the cloud aswell asaccurateiming (ns)
information. However, our first priority shouldbeto mea-
surethesecondargmissioryield for thescrubbedtainless
steelbeampipe, in-situ, asthis is the mostbasicunknavn
guantityin the problem. While mechanicallychallenging,
thisin-situmeasuremeris required asthesecondargmis-
sionyield dependson the exposureto the beamand other
factors.

MOTIVATION AND SCOPE

As previously stated,the electroncloud (EC) effect in
high intensity proton storagerings and synchrotronscan
seriouslylimit the performanceof suchmachined1, 2].
TheFermilabMain Injector(MI) is no exception,although
no definiteindicationof a degradationof the machineper
formancedueto this effect hasbeendocumentedhusfar.
While the machinecurrently delivers the designedbeam
intensity thefactor~ 3 increasdn beampower projected
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for theProject X [6] eracouldinducestrongetbeaminsta-
bilities andrelatedbeamlosses.A simulationeffort in the
contect of the ComFASS[7] aimedatsupportingheexper
imentalstudiescurrentlybeingpursuedat the Main Injec-
tor [8, 3] hasbeeninitiated a few yearsago. More recent
progressreportshave beenpresented3, 4]. In this brief
paper our goalis limited to a brief reminderof the salient
resultsregardingProjectX, a discussiorof the systematic
uncertaintiesn the calculationin relationto POSINST a
2D PIC simulationcodeusedin previous calculation[2].
Finally, somesuggestionfor theexperimentaprogramare
presented.

SIMULATION CONDITIONS

Relevant detailson the Main Injector configurationare
listed in referencel5]. Briefly: VORFAL [9] is a Parti-
cle In Cell (PIC) simulationcodeusedfor advancedbeam
or plasmaproblems. Our physicalconfigurationconsists
of a elliptical stainlesssteelbeampipe (minor and major
axisare2.34and5.88cm or a cylindrical pipe (radius7.5
cm), respectiely locatedin a staticmagneticfield or in a
straightsectionwith small strayfields. Multiple configu-
rationswere studiedin details: a shortsection(~ 0.25 m
long) anda longersection(16 m. ) of atypical Ml arc,
consistinga 5 m. long dipole, followed by a quadrupole,
followedby a dipole,separatedby afield freeregion. The
magneticfields are approximatelythosecorrespondingo
a Ml enegy of 20 GeV. This is closeto the transitionen-
ergy, wherethe bunchlengthis the shortestand,therefore,
whenthe EC problemis mostacute. The protonbunches
are3D Gaussian-shape@l,3m long (1 o) andabout3 mm
radius. The numberof particlesper bunch rangesfrom
a few 10'°, to 0.7 10" (maximum allowable under cur-
rentrunningcondition),to 3.0 10! the designedsaluefor
ProjectX. Thebunchspacings 18.8ns.

SUMMARY OF RESULTSAND
SYSTEMATICS

The spatialdensity averagedover the entirebeampipe,
is shawvn versustime on figure 1, for variousbeamcon-
ditions. The maximum of the secondaryemissionyield
(SEY,,q:) hereis assumedo be ratherlow. This choice
is basednthefactthat, undercurrentbeamcondition,the
MI doesnotsuffer from andEC problem.Othersimulation



runs have beenproducedfor higher SEY,,,.,, andshowv a
fastergrowth and much higherdensities. However, if the
S EY . 1S suchthat EC densityremainsmuchlower that
the proton chage density (averagedover a few bunches),
undercurrentbeamcondition, then, our calculationindi-
catesthat it will remainrelatively low when the bunch
chageincreasedy afactorthree.This paradoxicatesults
stemsfrom the factthat SEY is relatively flat vs electron
incidentenegy above SEY,, ... Undercurrentconditions,
the protonbunchesalreadygenerate sufficiently high ac-
celeratingfield to be well above the secondaryemission
yield threshold.

In presenceof an external strong confining magnetic
field , the magneticfield dueto the beamcurrentbecomes
negligible. Moreover, this strongfield generatedoy the
machinedipolesor quadrupolenagnetss perpendiculato
the beam. Sincethe bunchlengthis long comparedo the
trans\ersedimensionsof the pipe, the problembecomes
de-factotwo-dimensionalthebulk motionof the electrons
is alwaysperpendiculato the protonbeamdirection. The
synchrotronmotion is a small (micronssize) perturbation
on the trajectory In addition, for the consideredbunch
lengthandchage perbunch,the E-fieldsaresuchthatthe
maximumvelocity of theaccelerateélectrongloesnotex-
ceedsx~ 5% of c. Thus,in concordancevith POSINST a
setof VORFAL scriptshave beenwrittento reducethe 3D,
self-consistenandrelatiistic PIC simulationto a 2D elec-
trostaticPIC simulation performedn thetimedomain.For
the dipole case this simplified (and muchfaster)problem
wasfoundto give consistenanswerswith the 3D caseto
betterthan= 10% percentrelative accurag in EC density
This accurag is adequatdor the estimateof the EC den-
sitiesin the MI arcs. However, this simplificationis not
expectedto be valid for straightsectionswherethe stray
magentidieldsareweak.

Evidently, the SEY,, .. is the mostimportantparame-
terin the problem.However, otheruncertaintiesareworth
reporting. Thefirst systematiaincertaintyto be discussed
hereis afairly commononeto all PIC problems:onehasto
show thatthe grid resolutionis adequatdor the tarmgetac-
curag. Thisis particularlyjustifiedin our casebecause¢he
peakdensityoccurscloseto wall andthe densitychanges
by morethana factortwo over oncecell, whichis 808um,
in verticalsizefor the64x64grid. Thetime stepwas2.511
ps. A run with a 128X128grid, time stepof 1.25ps, was
alsoperformed.Theresultingelectricfield mapwerecom-
pared.Relative differencesn theintegratedelectricalfield
rangesfrom 3% to a maximumof 15%, for vertical or ra-
dial pathsin thebeamregion.

The difference betweenthe Trilinos (with the “Dey-
Mittra” cut cell method[1Q at the wall pipe boundary)
E.M. Poissonsolver usedin the VORFAL wasalsocom-
paredto the solver usedin POSINST The biggestdiffer-
ence (8%, relative) was found the nearthe wall, as ex-
pected.Notethattheaccurag could beimprovedby run-
ning biggergrids, 2D only, on a supercomputer

However, we have yet another, biggeruncertainty:The
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Figure 1: The EC densityvs time, at the beginning of a
bunchtrain, for about10 to 25 MI bunchspacingandfor

various beamconditions. ¢,. and o, correspondgo the
averagebeamradiusand bunchlength,respectiely. Dis-

placementslongthe verticalaxishave little impacton the
EC density Regardingthe SEY,,.., this datarefersto

the caseswherethis parameteiis low andnearly critical:

TheECis nearlyevanescenandthegrowth timeis anoma-
lously long. For a moderatevalue of SEY of 1.36, the
worst casescenariocorrespondgo the currentoperating
conditionsandnot thoseexpectedn the Project-Xera.

saturatectloud densityandits associateelectricfield do
dependntheassumedpatialdistribution of theseedelec-
trons. Suchseedelectrondrappedn thebeampipe canbe
producedby eitherionization of the residualgas,or pro-
ducedat the wall by beamlosses. While the densityfor
suchelectrongs typically at least2 or 3 ordersof magni-
tudesmallerthanthe EC densityreachedat saturationthe
spatialdistribution of theseseedelectronsdoesinfluence
thefinal EC densityat saturationasshovn onfigure2. Al-
thougha bit paradoxical this phenomendasbeenrepro-
ducibly seenrunningthe VORFAL and POSINSTcodes.
A putative explanationcould be basedon the existenceof
long time scalein the diffusion propertiesof the cloud.
More specifically for a dipole field of 0.234T, an elec-
tron temperatureof the ~ 40 eV, a spatialscaleof 1 cm,
the Bohm diffusion time scale(trans\erseto the beam)is
~ 5 usec. So,oncethe EC develops,it’s patternis nearly
frozentrans\erseto thebeam suggesting dependengon
theinitial conditionsof the cloud. Variousdistributions of
the seedelectronshave beenconsidered(i) solelydictated
by the protonbeamspot (labeled“beamfocused”on fig-
ure 2); (i) Corwversely electronsloating very closeto the
top and bottom beampipe walls, above the beamregion
(2 mm away and about2 mm thick) (ii) asdonein the
previous VORFAL simulation[4], a diffusedseedcloud
centeredbn the beam,occupying almostthe entirepipe (3
timesthe sigmaof the transwersedimensionof the beam).
Note that the density of the seedcloud matterslessthan
the geometryof the seedcloud (the case“beamfocused,
HD correspond$o adensityoneorderof magnitudehigher
thanthe seeddensityfor the simulationran previously).
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Figure 2: The vertical electric field createdby both the
protonbunchandthe e-Cloudat at t=524.085,for differ-
entinitial conditionsof the seedelectrons. Top: at X=0.
(symmetryaxis) Middle: at X = 1.0cm (3.3 o away from
thebeam).Thegrey thick line indicatethe locationof the
beampipewalls andthe dottedline the cell boudarythatis
closesto thewall.

OUTCOME:SUGGESTIONSFOR THE
EXPERIMENTAL PROGRAM

As detailedin reference[5],two distinct experiments
aimed at characterizinghe EC at the FermilabMI have
simulatedwvith VORFAL: thetransmissioranddetectiorof
a 1.5 GHz microwave andtheresponsef RetardingField
Analyzer

Despitethesystematiaincertaintie®on thefinal EC den-
sity, this simulation effort is worthwhile, as it provides
guidancein establisha robust experimentalprogram. For
instance the value of the stray magneticfield at the RFA
position mustbe determinedasit influencesthe yield of
electroncollectedin a relatively small region of the pipe.
Note that this problemis no longer 2D, as symmetries
alongthe beampipe are lost due to the complicatedpat-
terns of the weak stray magneticfields. Finally, since
the SEY,,.. depend®nthebeaminducedscrubbingthis
mostcrucial parametemustbe determinedn-situ andin-
side a magneticfield commensuratevith the one usedin
the dipole or quadrupole. A dedicateset of two small
dipolesequippedwvith instrumentationgetractablesample
holderandan electrongun (to measurehis SEY’) should
be installedin one of the available straightsectionof the
MI. In addition,an optical (U.V.) detectionof the interac-

tion of thecloudwith thebeampipesurfacedi.e.,plasmon
decayskshouldbefeasibleandcouldbeinvestigated.
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